Superoxide dismutase from chicken-liver mitochondria (manganese enzyme) and the two dismutases from Escherichia coli (manganese and iron enzymes) were analyzed through 29 cycles of automated Edman degradations. The high degree of homology among the aminoterminal sequences of these three dismutases corroborates their known similarity of structural and functional properties, and serves as further evidence for the endosymbiotic origin of mitochondria. In contrast, these three sequences exhibit no significant homology with the amino-terminal sequence of bovine-erythrocyte superoxide dismutase, which is consistent with the classification of eukaryotic copper-zinc dismutases as a family distinct from the manganese enzymes in stability and catalytic properties.
In 1969, the activity to disproportionate superoxide radicals was discovered as a catalytic property of a bovine-erythrocyte protein of previously unknown function (1) (2) (3) . This enzyme, superoxide dismutase, was found to be a metalloprotein with 2 (1.8-2.0) atoms of copper, and 2 (1.7-1.9) atoms of zinc per molecule of molecular weight 33,000, and to be composed of two subunits of equal size (4, 5) . Copper-zinc dismutases purified from other eukaryotic organisms are similar to the bovine-erythrocyte dismutase in molecular weight, subunit structure, amino-acid composition, copper-zinc content, and stability to the chloroform-ethanol mixtures used in purification (2, 3) . Enzymes of bacterial origin represent a distinct class of superoxide dismutases which have 1-2 atoms of manganese per molecule as metal cofactor, are unstable to the chloroform-ethanol treatment, and have an amino-acid composition distinctly different from the copper-zinc dismutases (2, 3, (6) (7) (8) . The molecular weight of the bacterial enzymes is about 40,000, and each contains two subunits of molecular weight 20,000. Recently two additional superoxide dismutases have been isolated, which are similar to the bacterial manganese dismutases in their stability, purification properties, and amino-acid composition. One, from chicken-liver mitochondria (8), contains 2.3 atoms of manganese per molecule, and although it is tetrameric, has a subunit molecular weight the same as the bacterial manganese-containing enzymes. The other, which contains iron (about 1 atom per molecule) rather than manganese, has been isolated from Escherichia coli (9) , and is a dimer whose subunits are identical in size (molecular weight 19,000).
The levels of superoxide dismutase activity have been measured in a variety of aerobic, anaerobic, and aerotolerant anaerobic microorganisms (10) . From the observed correlaAbbreviation: PTH, phenylthiohydantoin.
tions and subsequent studies (11) , it was proposed that the ability of an organism to survive in an aerobic atmosphere is at least in part contingent upon the presence of the enzyme, superoxide dismutase, which serves as a defense mechanism against oxygen toxicity (2, 3, 10, 11).
The amino-terminal sequences, obtained through automated Edman degradations, are reported here for superoxide dismutases from E. coli (iron-and manganese-containing enzymes) and from chicken-liver mitochondria (manganesecontaining enzyme). From the homologies observed among these three sequences and the partial sequence of the bovineerythrocyte (copper-zinc) dismutase (Evans, H. J., Steinman, H. M., Naik, V. R., Abernethy,J. L. & Hill, R. L., unpublished results), interpretations are made apropos to the structural,. functional, and evolutionary properties of superoxide dismutases. The sequence comparison of the chicken mitochondrial and the E. coli manganese dismutases provides supporting evidence for the endosymbiotic theory of mitochondrial origin (12) (13) (14) .
MATERIALS AND METHODS
Purification of Superoxide Dismutases. The enzymes used for sequencer analysis were prepared by Dr. Frederick J. Yost, Jr. and Mr. Richard A. Weisiger, according to published procedures for dismutases from E. coli (iron and manganese enzymes, 6, 9) and from chicken-liver mitochondria (8) . The bovine-erythrocyte enzyme was purified (1) tertiary amine, and other sequencer reagents (phenylisothiocyanate and heptafluorobutyric acid) were obtained from Pierce Chemical Co. ("sequanal" grade). The sequencer solvents ("distilled-in-glass" grade, heptane, ethyl acetate, benzene,and 1-chlorobutane) were purchased from Burdick and Jackson Laboratories. Sequencer fractions, after conversion (17, 18) , were analyzed by gas chromatography (Beckman GC 45, SP400, 10% on Supelcoport, nitrogen as a carrier gas) which allowed unambiguous identification of most of the amino-acid phenylthiohydantoin (PTH) derivatives (19) (20) (21) . In discriminating between glycine-PTH and threonine-PTH, and between threonine-PTH and proline-PTH, gas chromatography assignments were confirmed by silica gel thin layer chromatography (solvent XM,22). Spot tests for identification of arginine-PTH (23) and histidine-PTH (24) were performed upon the aqueous phases from the conversions after samples were dried under reduced pressure and after the residue was dissolved in methanol. Fractions identified as "serine" by gas chromatography were assigned as either serine-PTH or S-[14C2]carboxymethyl cysteine-PTH by liquid scintillation counting (Packard Liquid Scintillation Spectrometer, model 577). Authentic PTH-amino acids (Pierce Chemical Co.) were used to calibrate the gas chromatograph for quantitation. The amount of protein used for sequencer analysis was calculated from the weight of the desalted, freeze-dried samples, which were subsequently reduced and carboxymethylated.
RESULTS
Sequencer Analyses of Dismutases. The two E. coli and the chicken-liver mitochondrial enzymes possessed free a-amino groups, permitting automated Edman degradations, whose quantitative results are presented in Table 1 . Duplicate analyses of each reduced and carboxymethylated protein were qualitatively identical and quantitatively similar. Within the limitations of this methodology (17) , only a single, predominant amino-acid derivative was detected at each cycle for which an identification could be made. The average stepwise repetitive yield for the first 20 cycles ranged between 0.91 and 0.96, and between 0.86 and 0.96 for the remaining cycles reported. The amino-terminal serine of the two E. coli enzymes and the amino-terminal lysine of the mitochondrial dismutase are residues whose PTH derivatives are not accurately quantitated by the techniques used here (17) . Therefore, the expected molar yield for these amino-terminal residues was calculated from the repetitive yield value and the yields of stable, quantifiable PTH-amino acids located near the amino terminus.
From duplicate sequencer analyses, the mol of terminal amino-acid residue per mol of subunit polypeptide chain were thus calculated: 0.73 and 0.70 mol/mol for E. coli (iron), 0.92 and 0.73 for E. coli (manganese), and 0.78 and 0.56 for the mitochondrial (manganese) dismutase. The last value for the mitochondrial enzyme was obtained for an analysis of a rather small amount of protein (1.6 Fig. 1 , it is evident that the number of identical amino-acid residues at corresponding positions in the E. coli (iron and manganese) and mitochondrial (manganese) enzymes (identities enclosed by lines), vastly exceeds the identities between any one of these three dismutases and the erythrocyte (copper-zinc) enzyme (identities indicated by underlined, capital letters).
DISCUSSION
The understanding of the subunit composition, structurefunction correlations, and evolutionary relationships of several families of enzymes has been enhanced considerably through amino-acid sequence analysis of representative proteins from diverse taxa (25) (26) (27) . Although the primary structural data reported here are limited, being amino-terminal sequences from only three species, they do permit some inferences to be drawn about the structural, functional, and evolutionary characteristics of superoxide dismutases. At the present time, these inferences must be considered provisional, contingent upon acquisition of more complete sequence data from a larger phylogenetic sampling of dismutases.
Sequence Homologies among the Mitochondrial and Bacterial
Dismutases. It is evident upon inspection that a very high degree of homology exists among the amino-terminal sequences of the two E. coli and the mitochondrial dismutases (Fig. 1) . In the alignment shown, there are 10 loci at which the same amino-acid residues appear in all three sequences. In the sequence of the mitochondrial dismutase, 20 out of 27 residues are identical, with one or both residues at the same locus in the sequences of the two E. coli dismutases. In the comparison of the E. coli (iron) sequence with the mitochondrial and E. coli (manganese) sequences, this fraction is 19 out of 28 residues. When the E. coli (manganese) sequence is compared with the two other homologous sequences, the fraction is 19 out of 27 residues. The nonidentical residues at a specific locus in these three sequences are interconvertable by a minimum of 1 base change per RNA codon in 13 cases, and by a minimum of 2 base changes per codon in 8 cases (28) .
In contrast, there is a complete absence of significant homology between the amino-terminal sequence of bovineerythrocyte (copper-zinc) superoxide dismutase* and the sequences of the bacterial and mitochondrial dismutases (iron-or manganese-containing enzymes). Of the 29 residues in the erythrocyte sequence, only three are identical with residues at corresponding positions in one or more of the three homologous dismutases. The conversions between the nonidentical isologous residues of the erythrocyte dismutase and the bacterial and mitochondrial dismutases require a minimum change of 1 base per codon in 38 instances, of 2 bases per codon in 38 instances, and of 3 bases per codon in one instance.
When computer methodology (28) was used for quantitatively assessing these sequence comparisons, the homologies among the mitochondrial and the two E. coli dismutases were found to be nearly as great as those between phylogenetically distinct cytochromes c, a protein exhibiting exceptionally high * About 90% of the primary structure of bovine-erythrocyte superoxide dismutase is known, with the undetermined region representing a continuous sequence of about 15 unordered aminoacid residues, beginning about 55 residues from the amino terminus (Evans, H. J., et al., unpublished results). sequence conservation throughout its evolutionary development (26, 29) . Between the bovine-erythrocyte dismutase and the bacterial-mitochondrial dismutases, the sequence homologies were found to be no greater than those between completely nonhomologous proteins.
Evolutionary Relationships among the Dismutases. The ironand manganese-containing enzymes from E. coli show several structural similarities; both are dimeric proteins of comparable subunit molecular weight, and their amino-acid compositions are similar (6, 9). However, it has been speculated that the iron enzyme functions primarily in the defense against external superoxide radicals, while Ihe manganese enzyme defends against intracellular 2-, because the iron dismutase appears to be preferentially located in the periplasmic space, and the manganese dismutase in the cell matrix (30) . The highly homologous amino-terminal sequences of the two E. coli enzymes leave little doubt that they arose from a common ancestral dismutase. The development of their present intracellular locations and specialized functions may have occurred through duplication of the gene of the common precursor, followed by divergent evolution, as is believed to be the case with the development of the a and j# chains of hemoglobin from a common ancestor (26, 27) .
The stability, cyanide sensitivity, and amino-acid coniposition of the copper-and zinc-containing bovine-erythrocyte dismutase, and of other copper-zinc eukaryotic dismutases, characterize them as a class of enzymes that is distinct from the bacterial-mitochondrial class of dismutases (3, (6) (7) (8) (9) . Indeed, the amino-terminal sequence of the erythrocyte protein displays no significant homology to the sequences of dismutases from the bacterial-mitochondrial class, which suggests that the two classes of superoxide dismutases arose by parallel evolution, evolving independently, from separate ancestors (26, 27) . The different classes of ribonucleases and the different types of lysozymes are examples of parallel evolution of protein classes, in which the members of the separate parallel branches are distinguished by different catalytic properties, as is the case with the dismutases, as well as by different primary structures (26, 27) .
Although the amino-terminal sequences of the bacterialmitochondrial and the copper-zinc enzymes are completely unrelated, significant homologies between the two could conceivably be found in unsequenced portions of their primary structures, which would suggest that the two dismutase classes arose by divergent evolution from a common ancestor.
The example of divergent evolution of a-lactalbumins and lysozymes (31) (32) (33) is particularly relevant here. Relatedness or the lack of relatedness cannot be deduced from comparisons of short sections of the two sequences, as the degree of homology between a-lactalbumins and lysozymes is quite variable, being extremely high in some regions of their sequences, and barely detectable in other regions (33) .
Dismutase Homologies and the Endosymbiotic Origin of Mitochondria. The endosymbiotic theory proposes that the present-day mitochondria of eukaryotic organisms have evolved from bacteria, which existed as intracellular symbionts in primitive eukaryotes (34) (35) (36) . As the atmosphere of the primitive earth changed from anaerobic to aerobic, these symbionts were to have been acquired as a means of confronting selection pressures that necessitated oxidative metabolic pathways. This theory has been supported by the morphological and biochemical similarities between mitochondria and bacteria (36) , by the taxonomic advantages consequent to the theory (37) , and by the existence of RNA, DNA, and protein synthesis in mitochondria (34) . Criticism of endosymbiosis has been based upon fossil evidence dating the emergence of eukaryotes, and upon biochemical evidence suggesting that the primitive eukaryotic cytoplasm was already adapted to the use of oxygen (12, 38) . It is not the intent of this report to evaluate the arguments for and against the theory (13, 14) , but rather to present the amino-terminal sequences of bacterial and mitochondrial superoxide dismutases as direct, chemical evidence, in support of endosymbiosis. The ultimate acceptance or rejection of the endosymbiotic theory will result only from evidence accumulated from the many different scientific disciplines associated with its content, assumptions, and predictions.
The amino-terminal sequence of chicken-liver mitochondrial (manganese) superoxide dismutase is highly homologous to the sequences of the two dismutases (manganese and iron) of E. coli (Fig. 1) , in spite of the phylogenetic distance between chickens and bacteria. In contrast, there is no detectable homology between the sequence of chicken-mitochondrial and bovine-erythrocyte (copper-zinc) superoxide dismutases, although the taxonomic distance between chickens and oxen is much less. The most reasonable conclusion consistent with these comparisons is that the structural genes for the mitochondrial and the E. coli dismutases have evolved from a common ancestor. The significance of this sequence homology to the endosymbiotic theory of mitochondrial origin would seem to be obvious. The common ancestral gene predicted by the sequence homologies may have resided in the genome of the proposed symbiotic bacterium inhabiting the primitive eukaryotic cell. This correlation between endosymbiosis and dismutase evolution cogently supports the endosymbiotic theory. However, arguments in opposition to the theory cannot be refuted by these sequence homologies alone.
The extensive homology observed between the taxonomically distant chicken-mitochondrial and E. coli enzymes may be the consequence of an unusually low rate of evolutionary change within the bacterial-mitochondrial class of dismutases. For reasons of their cellular location and biological function, these dismutases may then be akin to the cytochromes c (26, 29) and histone IV (26, 39) , which show extensive sequence conservation throughout their evolutionary development. It is possible that the sequences of phylogenetically distant dismutases from the copper-zinc class will also show a high degree of homology among themselves, while being markedly different from the bacterial-mitochondrial sequences. Investigations of the primary structures of additional superoxide dismutases, from these two classes and from diverse species, will answer these intriguing questions of dismutase evolution.
Subunit Structure of Superoxide Dismutases. Superoxide dismutases from E. coli (iron-and manganese-containing enzymes) are dimeric (6, 9) , while the chicken-liver mitochondrial (manganese) enzyme is tetrameric (8) . In each instance, the subunit polypeptide chains constituting the particular multimer have essentially identical molecular weights. Through sequencer analysis, a single, unique amino-terminal sequence and an integral yield of the amino-terminal residue have been identified for these three dismutases (Table 1) , which are consistent with the chemical identity of the subunits within each. In sequence studies of the bovine-erythrocyte enzyme (Evans, H. J., et al., unpublished results), the recoveries of peptides are also consistent with chemically identical subunits.* In contrast to the apparent homogeneous subunit structures of these four dismutases, human-erythrocyte superoxide dismutase has been reported to be a dimer of two chemically nonidentical polypeptide chains (40, 41) .
Sequence Homologies and Dismutase Function. The many sections of sequence that are identical in the mitochondrial and the E. coli dismutases (Fig. 1 ) might be proposed as regions essential for dismutase function, since they are invariant in phylogenetically distant species (26, 27) . However, it is evident that a completely nonhomologous amino-terminal sequence in the bovine-erythrocyte enzyme is also compatible with dismutase catalytic activity. A more complete sequence analysis of superoxide dismutases of the bacterial-mitochon-drial and the copper-zinc classes is required before the functional importance of invariant amino-acid residues can be ascertained.
